The EMBO Journal (2012 Journal ( ) 31, 2446 Journal ( -2447 Journal ( . doi:10.1038 Journal ( /emboj.2012 Published online 20 April 2012 MicroRNAs (miRNAs) are endogenous, B22-nucleotidelong, noncoding RNAs that play critical roles in physiology and disease via mechanisms that remain obscure. Although numerous studies implicate miRNAs in repression of translation, more recent reports suggest that the major role of miRNAs is in reduction of target mRNA stability. Because mRNA translation and stability are intimately connected, it has been a challenge to establish whether miRNAs induce translational repression, mRNA decay, or both. If miRNAs reduce both mRNA translation and stability, the timing and contribution of each process to overall repression is unclear. Indeed, it has been debated whether mRNA decay is a cause or consequence of miRNA-mediated translational repression. On the other hand, if these events are mutually exclusive, what determines which mechanism is used? In a recent issue of Science, Bazzini et al (2012) use genome-wide ribosome footprinting and RNA sequencing (RNA-Seq) to demonstrate that in developing zebrafish embryos, miR-430 naturally represses translation initiation of target mRNAs, followed by their deadenylation and decay.
The earliest studies in Caenorhabditis elegans indicated that miRNAs repress translation after initiation (Olsen and Ambros, 1999) . However, subsequent cell-free and cellbased reporter systems in worms, flies, and mammals demonstrated repression of translation at initiation (Pillai et al, 2005; Wang et al, 2006; Mathonnet et al, 2007; Thermann and Hentze, 2007; Wakiyama et al, 2007) and mRNA deadenylation and decay (Behm-Ansmant et al, 2006; Wu et al, 2006; Wakiyama et al, 2007) . All of these studies examined the effects of individual miRNAs on individual target mRNAs and thus, by definition, did not capture the global effects of miRNAs on repression of mRNA translation and stability.
To assess the global effects of an miRNA on its target mRNAs in mammals, microarrays and RNA-Seq have been used to measure mRNA levels, stable isotope labelling with amino acids in cell culture (SILAC) has been used to measure translation rates (Baek et al, 2008; Selbach et al, 2008) , and ribosome footprinting has been used to measure ribosome occupancy (Guo et al, 2010) . These reports concluded that mRNA decay predominantly contributes to overall repression of target mRNAs, with only a minor contribution from repression of translation (initiation). However, these studies used artificially-expressed miRNAs or miRNA knockouts and assessed translation and mRNA levels after 12-48 h, at which point only the most downstream effects of miRNA function may have been observed. Though these global approaches indicated major effects on target mRNA levels, they did not rule out important and likely earlier effects on translation.
Like Guo et al (2010) , Bazzini et al (2012) combined ribosome footprinting and RNA-Seq to study the global effects of an miRNA on its target mRNAs. They examined miR-430, a predominant miRNA naturally induced in zebrafish embryos at the onset of zygotic transcription, which has been previously shown to promote deadenylation and degradation of maternal transcripts at 5 and 9 hours post fertilization (hpf) (Giraldez et al, 2006) . In this most recent study, Bazzini et al (2012) assessed ribosome occupancy and mRNA levels of miR-430-targeted mRNAs at earlier time points, 4 and 6 hpf (corresponding to 2 and 4 h after miR-430 induction). At 4 hpf, ribosome density along miR-430-targeted mRNAs uniformly decreased without a corresponding decrease in the www.embojournal.org mRNA levels, indicating repression of translation initiation. At 6 hpf the levels and/or poly(A) tail lengths of the majority (70%) of mRNAs translationally repressed at 4 hpf were reduced, indicating that mRNA decay followed translational repression (Figure 1) .
At 4 hpf, individual miR-430-targeted mRNAs were slightly deadenylated. It therefore remained possible that partial deadenylation triggers translational repression or that deadenylation and translational repression occur simultaneously. To exclude these possibilities, Bazzini et al (2012) artificially blocked deadenylation of a miR-430-targeted reporter at 4 hpf and showed that translational repression can occur in the absence of deadenylation. Still, it remains unclear whether endogenous miR-430-targeted mRNAs that are naturally polyadenylated are translationally repressed prior to initiation of deadenylation. Indeed, initial shortening of the poly(A) tail at 4 hpf may cause translational repression by reducing the occupancy of the poly(A) binding protein (PABP) that promotes translation initiation.
Although Bazzini et al (2012) demonstrate that repression of translation initiation can precede mRNA decay of the majority of endogenous miR-430-targeted mRNAs, there was variation in the modes and timing of repression events. For 30% of mRNAs translationally repressed at 4 hpf, mRNA decay was not observed at 6 hpf, indicating either that these targets are subject to pure translational repression or that the onset of mRNA decay is delayed beyond 6 hpf. For 47% of mRNAs reduced at 6 hpf, translational repression was not detected at 4 hpf, indicating either that translational repression occurred sometime between 4 or 6 hpf or that these targets are subject to pure mRNA decay. For 12% of mRNAs reduced at 6 hpf, translational repression was not detected at 4 hpf but these mRNAs were undergoing both translational repression and decay at 6 hpf. Importantly, no miR-430-targeted mRNAs were subject to decay prior to the onset of translational repression. Bazzini et al (2012) provide several insights into the order of events of endogenous miRNA-mediated repression. However, this study also raises new questions. Although the majority of translationally-repressed mRNAs are later decayed, the mechanisms mediating these processes are not known. Bazzini et al (2012) determine time points that can be used for isolation of the factors mediating translational repression and mRNA decay. Additionally, some miR-430-targeted mRNAs were purely translationally repressed while others were purely decayed at the examined time points. These outlier mRNAs should be examined more carefully to identify protein or mRNA determinants of the different outcomes or altered timing of miRNA-mediated repression. Ribosome footprinting combined with RNA-Seq at early time points should be applied in other natural non-steady-state conditions to define the contribution of each of these modes of repression in development, differentiation, or stress responses in other organisms.
Note added in proof
While this feature was in press, Rachel Green and colleagues reported that miRNA-mediated translational repression precedes deadenylation and decay of natural and artificial reporter mRNAs in Drosophila (Science (2012) 336(6078): 237).
